Introduction {#Sec1}
============

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal malignant cancers and currently ranks fourth in cancer-related death worldwide \[[@CR1]--[@CR3]\]. Despite the improved clinical technology, the prognosis of PDAC remains poor and its average five-year survival rate is less than 5% \[[@CR3], [@CR4]\]. Previous studies have demonstrated that the poor prognosis of PDAC is predominantly caused by its early invasion of the lymph nodes, which contributes to devasting dissemination into the peripheral tissues and metastasis to distant places \[[@CR5], [@CR6]\]. Despite the obvious clinical importance of lymphatic metastasis in PDAC, the mechanisms that lead to PDAC spread via the lymphatic vessels remain largely unknown.

Lymphatic vessels serve as the dissemination routes for cancer cells from the local tumor to the lymph nodes, and subsequently to distant locations via the blood \[[@CR7]\]. The expansion of lymphatic vessels, termed lymphangiogenesis, is considered to be the most critical and the rate-limiting step among the processes by which cancer cells metastasize via the LNs \[[@CR8]--[@CR10]\]. Previous studies have demonstrated that lymphangiogenesis is positively regulated by vascular endothelial growth factor-C (VEGF-C) and blocking the secretion of VEGF-C via its inhibitor suppresses the formation of new lymphatic vessels, which subsequently limits the LN metastasis of tumors \[[@CR11]\]. Nevertheless, although VEGF-C plays a crucial role in lymphangiogenesis and lymphatic metastasis, little is known of the regulatory mechanism of VEGF-C expression and its induction of lymphangiogenesis in PDAC.

Circular RNAs (circRNAs) represent a type of novel noncoding RNAs with a covalently circular structure arising from the non-canonical splicing of pre-mRNAs. Moreover, circRNAs lack 5′ caps and 3 poly-A tails and are much more stable compared with their linear counterparts since they are resistant to exonuclease \[[@CR12]\]. CircRNAs are widely expressed in several cancers and play essential roles in regulating cancer progression \[[@CR13]\]. Yang et al. found that circ-ITCH functioned as a tumor suppressor in bladder cancer through the circ-ITCH/miR-17, miR-224/p21, PTEN axis \[[@CR14]\]. In addition, a study conducted by Wei et al. demonstrated that circCDYL promoted the malignant transformation of hepatoma by controlling the tumor-initiating properties of hepatocellular carcinoma cells via activating the PI3K-AKT-mTORC1/β-catenin and NOTCH2 pathways \[[@CR15]\]. Nevertheless, the specific regulatory mechanisms of circRNAs in the LN metastasis of PDAC have not been fully explored.

MicroRNAs (miRNAs) are a kind of small endogenous non-coding RNAs comprised of 18 \~ 22 nucleotides, which mainly affect the expression of their target genes post-transcriptionally to regulate the progression of human cancers \[[@CR16]\]. As a member of miRNA family, miR-486-5p has been reported to function as an oncogene in multiple cancers. Lopez-Bertoni et al. found that the inhibition of miR-486-5p reduced tumor size via a PTEN-dependent mechanism in vivo \[[@CR17]\]. Hanna et al. reported that miR-486-5p promoted the proliferation and invasion of alveolar rhabdomyosarcoma \[[@CR18]\]. Although miR-486-5p plays a crucial role in human cancers, the precise regulatory mechanism of miR-486-5p in LN metastasis of PDAC is still not fully investigated.

In this study, we identified a novel circRNA (circNFIB1, has_circ_0086375), which was downregulated in PDAC and negatively associated with LN metastasis in PDAC patients. Functionally, circNFIB1 knockdown was found to promote the lymphangiogenesis and LN metastasis of PDAC. Mechanistically, circNFIB1 functioned as an miR-486-5p sponge, and partially reversed the effect of miR-486-5p. Moreover, circNFIB1 attenuated the oncogenic effect of miR-486-5p, consequently upregulating PIK3R1 expression, which further downregulated VEGF-C expression through inhibition of the PI3K/Akt pathway and ultimately resulted in the suppression of lymphangiogenesis and LN metastasis in PDAC.

Methods {#Sec2}
=======

Clinical specimens {#Sec3}
------------------

With the approval of the Protection of Human Subjects Committees at Sun Yat-sen Memorial Hospital, Sun Yat-sen University (Guangzhou, China), paired PDAC tissues and non-cancerous tissues (NATs) were collected from 160 PDAC patients who underwent surgery at Sun Yat-Sen Memorial Hospital, Sun Yat-Sen University from February 2014 to February 2019. Each sample was confirmed by two independent professional pathologists. For RNA extraction, the tissues were immediately snap-frozen in liquid nitrogen and stored at − 80 °C until further investigation. For immunohistochemistry (IHC), the tissues were fixed in 10% (v/v) neutral-buffered formalin followed by 70% ethanol dehydration and then embedded in paraffin. Tumor staging was determined following the instruction of the latest edition of the tumor node metastasis (TNM) system of the American Joint Committee. Written informed consent was obtained from all the patients before performing the study. The detailed clinicopathological characteristics of the patients are summarized in Additional file [1](#MOESM1){ref-type="media"}.

Cell lines and cell culture {#Sec4}
---------------------------

The human PDAC cell lines (PANC1, Capan-2, SW1990) and human pancreatic ductal endothelial cells (HPDE) were purchased from the American Type Culture Collection (ATCC, Manassas, VA). The PANC-1, Capan-2 and SW1990 cell lines were maintained in high glucose Dulbecco's Modified Eagle's Medium (DMEM, Gibco, USA), supplemented with 10% FBS (BI, Israel). The HPDE cell line was cultured in RPMI 1640 (Gibco, USA), supplemented with 10% FBS. Human lymphatic endothelial cells (HLECs) were obtained from the ATCC and maintained in the Endothelial Cell Medium (ECM, Gibco, USA). All cell lines were cultured under a humidified atmosphere containing 5% CO~2~.

Next-generation sequencing {#Sec5}
--------------------------

Total RNA was isolated using TRIzol reagent. DNase I was applied to eliminate the genomic DNA and Ribo-Zero rRNA Removal Kits (MRZMB126, Epicentre) was applied to deplete ribosomal RNA. We then purified Poly(A) + RNA with oligo \[[@CR4]\] magnetic beads and fragmented it into short sequences. The quality of the purified RNA was measured with a BioAnalyzer 2100 (AgilenN Technology, Santa Clara, CA). The library was prepared in accordance with the instructions of the TruSeq Stranded mRNA LT 11 Sample Prep Kit (Cat. No.15032612, Illumina). Each library was sequenced on an Illumina HiSeq2500 in 125PE mode 13 (Illumina, San Diego, CA, USA).

RNA pull-down assay {#Sec6}
-------------------

For the preparation of streptavidin magnetic beads, the beads were washed three times with an RNase-free lysis buffer, and blocked with 10 μg/μL BSA and yeast tRNA on a rotator at 4 °C for 3 h. The blocked beads were incubated with a biotinylated circNFIB1 probe or oligo probe at 25 °C for 2 h. Later, approximately 2 × 10^7^ PANC1 and Capan-2 cells were harvested and fixed with 1% formaldehyde before being lysed in lysis buffer and incubated with prepared pull-down probes, 50 μL of the cell lysate was collected as the input. The pull-down complexes were harvested and tested by quantitative real-time PCR (qRT-PCR). The probes used in RNA pull-down assay were list in Additional file [2](#MOESM2){ref-type="media"}.

Popliteal LN metastasis study {#Sec7}
-----------------------------

All animal experiments were conducted following the guidelines approved by the Institutional Animal Care and Use Committee of Sun Yat-sen Memorial Hospital, Sun Yat-sen University. four to five weeks of age, 18 g - 20 g female BALB/c nude mice were purchased from the Experimental Animal Center. Six mice were included in each group, and 100 μL PBS suspension of 5 × 10^6^ PANC-1 cells transduced with sh-circNFIB1-luc or sh-NC-luc were incubated into the footpads of the mice. The mice were imaged with an IVIS Spectrum Imaging System (PerkinElmer) to monitor lymphatic metastasis. When the tumors reached 200 mm^3^, the primary tumor and popliteal LNs were enucleated, embedded in paraffin, and analyzed with an anti-LYVE-1 antibody by IHC. Images were captured with a Nikon Eclipse 80i system with NIS-Elements software (Nikon, Japan).

Statistical analysis {#Sec8}
--------------------

All quantitative data are presented as the mean ± standard deviations from at least three independent experiments. The cumulative survival time was calculated using the Kaplan-Meier method and analyzed with a log-rank test. A multivariate Cox proportional hazards model was used to estimate the adjusted hazard ratios and 95% confidence intervals, as well as identify independent prognostic factors. Chi-square tests (*χ*^2^ tests) were used to assess the relationships between non-parametric variables, and two-tailed Student's *t*-test or one-way ANOVA was used to evaluate the relationship between parametric variables. The threshold for statistical significance was set at *p* \< 0.05. For multiple comparisons, the *p*-value was corrected by using Bonferroni correction. All statistical tests were performed with IBM. (Version 19.0.; IBM Corp., Armonk, NY).

Further applied methods {#Sec9}
-----------------------

Additional lentivirus infection and cell transfection, qRT-PCR, HLECs tube formation assay and Transwell assay, subcellular fractionation assay, fluorescence in situ hybridization (FISH), Colocalization of circNFIB1 and miR-486a-5p, luciferase activity assay, Western Blotting, IHC, ELISA-based quantification of secreted VEGF-C, gel electrophoresis analysis are further described in the Additional file [3](#MOESM3){ref-type="media"}.

Results {#Sec10}
=======

Identification and the characteristics of circNFIB1 in PDAC {#Sec11}
-----------------------------------------------------------

To identify the essential circRNAs that contribute to the progression of PDAC, next-generation sequencing was performed to analyze five pairs of PDAC tissues and the corresponding normal adjacent tissues (NATs)(GSE136569). 13 circRNAs were differentially downregulated (fold-change \< 0.4 and *P* \< 0.05) in PDAC tissues and further validated in a larger cohort of 160-case of PDAC tissues and paired NATs by qRT-PCR analysis (Fig. [1](#Fig1){ref-type="fig"}a, b). We then focused on circNFIB1 (hsa_circ_0086375), which was expressed at low level in PDAC tissues, for further study (Fig. [1](#Fig1){ref-type="fig"}c). Fig. 1The identification and characterization of circNFIB1 in PDAC. **a** Schematic illustration of the identification of circRNAs downregulated in PDAC tissues compared with NATs. **b** The downregulated circRNAs in PDAC identified from NGS were shown. **c** qRT-PCR analysis of circNFIB1 expression in PDAC tissues (*n* = 160) paired with NATs (*n* = 160). The nonparametric Mann-Whitney U test was used to compare different groups. **d** Schematic illustrations showed the genomic loci of circNFIB1. circNFIB1 was produced by exons 16 to 18 of NFIB. **e** The back-splice junction of circNFIB1 was identified by Sanger sequencing. **f and g** PCR analysis for circNFIB1 and NFIB in the cDNA and gDNA of PANC-1 (**f**) or Capan-2 (**g**) cells. GAPDH was used as NC. **h** qRT-PCR analysis of circNFIB1 expression using random primers or oligo-dT primers. **i** circNFIB1 and NFIB expression in PDAC cells treated with or without RNase R was assessed by qRT-PCR. **j and k** qRT-PCR analysis of circNFIB1 and NFIB mRNA in PANC-1 (j) or Capan-2 (**k**) cells treated with actinomycin D at the indicated time points. Significance level was assessed using two-tailed Student *t*-tests. Figures with error bars showed the standard deviations of three independent experiments. \**p* \< 0.05 and \*\**p* \< 0.01

Since circRNAs differ from their counterpart genes regarding their secondary structure, we next evaluated the circular structure of circNFIB1, which was aroused from exons 16 to 18 of the NFIB gene (chr9: 14146687--14,155,892) (Fig. [1](#Fig1){ref-type="fig"}d). Sanger sequencing validated the back-spliced junction of circNFIB1 (Fig. [1](#Fig1){ref-type="fig"}e), which was consistent with the sequences obtained from circBase, and the distinct product of circNFIB1 could only be amplified from the cDNA but not from the gDNA (Fig. [1](#Fig1){ref-type="fig"}f, g). Furthermore, we found that circNFIB1 expression was significantly decreased when oligo-dT primers were used for reverse transcription compared with the use of random primers, indicating the absence of poly-A tail in circRNA, which in construct, exists in linear RNAs (Fig. [1](#Fig1){ref-type="fig"}h). Using treatment with RNase R, an exoribonuclease which could only degrade linear mRNA, NFIB mRNA expression dramatically decreased, whereas circNFIB1 expression remained unaffected, further confirming that circNFIB1 consisted of a closed circular structure (Fig. [1](#Fig1){ref-type="fig"}i). Since RNAs that exist in a circular form are more stable than the linear form, we further analyzed the stability of circNFIB1. We observed a longer half-life of circNFIB1 compared with that of NFIB mRNA in PDAC cells treated with Actinomycin D, a transcription inhibitor (Fig. [1](#Fig1){ref-type="fig"}j, k). Taken together, these results indicate that circNFIB1 is a highly stable circRNA derives from exons 16 to 18 of the NFIB gene locus.

circNFIB1 is negatively associated with LN metastasis in PDAC patients {#Sec12}
----------------------------------------------------------------------

To study the role of circNFIB1 in PDAC, we analyzed circNFIB1 expression in a cohort of 160 PDAC patients. We found that patients with lymphatic metastasis and a highly pathological TMN stage had lower circNFIB1 expression (Fig. [2](#Fig2){ref-type="fig"}a, b and Additional file [1](#MOESM1){ref-type="media"}: Table S1). In addition, qRT-PCR analysis showed that there were lower levels of circNFIB1 in metastatic tumor cells in the LNs compared with the paired primary tumors (Fig. [2](#Fig2){ref-type="fig"}c). Consistent with the results obtained from clinical samples, a lower expression of circNFIB1 was detected in PDAC cells compared with HPDE (Fig. [2](#Fig2){ref-type="fig"}d). Moreover, IHC analysis showed a negative correlation between circNFIB1 and lymphatic vessel density (Fig. [2](#Fig2){ref-type="fig"}e, f). Together, our findings suggest that circNFIB1 is essential for the inhibition of the LN metastasis of PDAC. Fig. 2CircNFIB1 is downregulated in PDAC and negatively correlates with LN metastasis. **a and b** circNFIB1 expression in human PDAC tissues (*n* = 160) according to LN status (**a**) and tumor stages (**b**) was assessed by qRT-PCR. The nonparametric Mann-Whitney U test was used to compare different groups. **c** qRT-PCR analyzed the expression of circNFIB1 in primary PDAC tissues and paired metastatic LNs (*n* = 160). The nonparametric Mann-Whitney U test was used to compare different groups. **d** The expression of circNFIB1 in PDAC and normal pancreatic ductal epithelial cell lines was detected by qRT-PCR. **e and f** Representative images (**e**) and percentages (**f**) for IHC staining showed that LYVE-1 indicated the lymphatic vessel density in PDAC tissues with differential circNFIB1 expression. Scale bars: 50 μm. Significance level was assessed using one-way ANOVA followed by Dunnett's tests for multiple comparisons. Figures with error bars showed the standard deviations of three independent experiments. \**p* \< 0.05 and \*\**p* \< 0.01

circNFIB1 inhibits lymphangiogenesis in vitro {#Sec13}
---------------------------------------------

Given that lymphangiogenesis is a key factor for LN metastasis, we further explored whether circNFIB1 inhibits lymphangiogenesis in vitro*.* The expression of circNFIB1 was downregulated by transfection with siRNAs that specifically targeted the back-spliced region of circNFIB1 without affecting NFIB expression (Fig. [3](#Fig3){ref-type="fig"}a, b). Similarly, circNFIB1 was successfully overexpressed by transfection with circNFIB1 plasmids, and no obvious changes were observed with NFIB (Fig. [3](#Fig3){ref-type="fig"}c, d). In vitro assays showed that the conditioned media from circNFIB1-silencing PDAC dramatically promoted the tube formation and migration ability of HLECs (Fig. [3](#Fig3){ref-type="fig"}e-j). In contrast, conditioned media from circNFIB1-transduced PDAC significantly inhibited the HLEC tube formation and migration compared with the control group (Fig. [3](#Fig3){ref-type="fig"}k-p). Moreover, given that enhanced migration ability of cancer cells contributes to LN metastasis, we further examined the effect of circNFIB1 on the migration of PDAC cells. Transwell assays showed that circNFIB1 knockdown promoted the migration ability of PANC-1, Capan-2 and SW1990 cells, suggesting that circNFIB1 inhibited the migration of PDAC cells (Additional file [4](#MOESM4){ref-type="media"}: Fig. S1a, b). Together, these results indicate that circNFIB1 suppresses the lymphangiogenesis of PDAC in vitro. Fig. 3CircNFIB1 suppresses lymphangiogenesis in vitro. **a-d** qRT-PCR analysis of circNFIB1 and NFIB expression following circNFIB1-silencing (**a and b**), circNFIB1 overexpression (**c and d**) or corresponding control PDAC cells. **e-j** Representative images (**e and h**) and histogram analysis of tube formation (**f and i**) and Transwell (**g and j**) assays by HLECs treated with conditioned medium from circNFIB1-silencing or control PDAC cells. Scale bar: 100 μm. **k-p** Representative images (**k and n**) and histogram analysis of tube formation (**l and o**) and Transwell (**m and p**) assays by HLECs treated with conditioned medium from circNFIB1-overexpressing or control PDAC cells. Scale bar: 100 μm. Significance level was assessed using two-tailed Student *t*-tests and one-way ANOVA followed by Dunnett's tests for multiple comparisons. Figures with error bars showed the standard deviations of three independent experiments. \**p* \< 0.05 and \*\**p* \< 0.01

circNFIB1 suppresses LN metastasis of PDAC in vivo {#Sec14}
--------------------------------------------------

Next, we employed a popliteal LN metastasis model to examine the role of circNFIB1 in the LN metastasis of PDAC in vivo. Briefly, sh-circNFIB1\#1/luc- and sh-NC/luc-transfected PDAC cells were inoculated into the footpads of nude mice. The effects of circNFIB1 on LN metastasis were analyzed when the footpad tumor size reached 200 mm^3^. Strikingly, the in vivo imaging showed that circNFIB1 knockdown significantly promoted the popliteal LN metastasis of PDAC cells (Fig. [4](#Fig4){ref-type="fig"}a, b). The volume of the popliteal LN was larger in the sh-circNFIB1\#1 group compared with the control (Fig. [4](#Fig4){ref-type="fig"}c-e). Moreover, sh-circNFIB1\#1 group exhibited higher LN metastatic rate than the control (Fig. [4](#Fig4){ref-type="fig"}f). Additionally, we found that the primary tumor size in sh-NC group was lower than the sh-circNFIB1\#1 group at the same time point, suggesting that circNFIB1 suppressed the tumorigenesis of PDAC (Additional file [4](#MOESM4){ref-type="media"}: Fig. S1c). Collectively, our results indicate that circNFIB1 inhibits the LN metastasis of PDAC in vivo. Fig. 4CircNFIB1 inhibits LN metastasis of PDAC in vivo. **a and b** Representative images (**a**) of bioluminescence and histogram analysis (**b**) of popliteal LN metastasis after silencing circNFIB1 (*n* = 12 per group). **c** Representative images for the nude mouse popliteal LN metastasis model. PDAC cells were injected into the footpads of the nude mice and the popliteal LNs were shown. **d** Representative images of enucleated popliteal LNs (*n* = 12 per group). **e** Histogram analysis of the LN volume in the indicated groups. **f** The ratio of popliteal LN metastasis was calculated for all groups (*n* = 12 per group). Significance level was assessed using two-tailed Student *t*-tests and one-way ANOVA followed by Dunnett's tests for multiple comparisons. Figures with error bars showed the standard deviations of three independent experiments. \**p* \< 0.05 and \*\**p* \< 0.01

circNFIB1 functions as a miR-486-5p sponge in PDAC cells {#Sec15}
--------------------------------------------------------

Since the localization of RNAs within cells are crucial for their functional display, we further determined the subcellular localization of circNFIB1 in PDAC cells. FISH and subcellular fractionation assays revealed that circNFIB1 was predominantly located in the cytoplasm (Fig. [5](#Fig5){ref-type="fig"}a, b). Cytoplasm-localized circRNAs primarily function as competitive endogenous RNAs (ceRNAs) and contribute to post-transcriptional regulations \[[@CR12]\]. To determine whether circNFIB1 functions as an miRNA sponge in PDAC, nine miRNAs that potentially bound to circNFIB1 were predicted by CircInteractome \[[@CR19]\] (Fig. [5](#Fig5){ref-type="fig"}c). Pull-down assays revealed that only miR-486-5p was enriched by circNFIB1 both in Capan-2 and PANC-1 cells (Fig. [5](#Fig5){ref-type="fig"}d, e). Moreover, luciferase reporter assays showed that miR-486-5p overexpression significantly decreased the luciferase activity of circNFIB1 compared with the NC group (Fig. [5](#Fig5){ref-type="fig"}f-h). After site-directed mutagenesis of the predicted complementary binding sites on circNFIB1, miR-486-5p failed to affect the luciferase activity of circNFIB1, which supported the sponge effect of circNFIB1 by binding to miR-486-5p on specific sequences (Fig. [5](#Fig5){ref-type="fig"}h). Furthermore, pull-down assays with biotin-labeled miR-486-5p and control showed that circNFIB1 was captured by miR-486-5p in PDAC cells, validating the interaction between circNFIB1 and miR-486-5p (Fig. [5](#Fig5){ref-type="fig"}i). Consistently, FISH assays confirmed the co-localization of circNFIB1 and miR-486-5p in the cytoplasm of PDAC cells (Fig. [5](#Fig5){ref-type="fig"}j). Fig. 5CircNFIB1 acts as a sponge for miR-486-5p in PDAC. **a and b** Representative FISH images (**a**) and subcellular fractionation assays (**b**) showed the subcellular distribution of circNFIB1 in Capan-2 cells. U6 was used as a nuclear control and 18S rRNA was used as a cytoplasmic control. Scale bar: 100 μm. **c** the potential target miRNAs of circNFIB1 were predicted using CircInteractome. **d and e** RNA pulldown assays revealed that miRNAs directly interact with circNFIB1 in PANC-1 (**d**) and Capan-2 (**e**) cells. **f** The secondary structure of circNFIB1 was predicted by RNAalifold. **g** Schematic illustrations showed the alignment of circNFIB1 with miR-486-5p and the red part indicates the mutagenesis nucleotides. **h** Dual luciferase reporter assays show the luciferase activity of wild-type or mutant circNFIB1 following co-transfection with either the miR-486-5p or control mimics. Relative firefly luciferase expression was normalized to that of Renilla luciferase. **i** RNA pulldown assays showed the RNAs captured by biotinylated miR-486-5p. **j** Representative FISH images showed the colocalization of circNFIB1 and miR-486-5p. Scale bar: 100 μm. Significance level was assessed using two-tailed Student *t*-tests and one-way ANOVA followed by Dunnett's tests for multiple comparisons. Figures with error bars showed standard deviations of three independent experiments. \**p* \< 0.05 and \*\**p* \< 0.01

Since an interaction between circNFIB1 and miR-486-5p was determined, we further investigated whether miR-486-5p mediated lymphangiogenesis in PDAC. miR-486-5p knockdown suppressed PDAC cell-induced tube formation and the migration ability of HELCs (Fig. [6](#Fig6){ref-type="fig"}a, b), whereas miR-486-5p overexpression enhanced the ability of PDAC to induce HLEC tube formation and migration (Fig. [6](#Fig6){ref-type="fig"}c, d), suggesting that miR-486-5p promoted lymphangiogenesis in PDAC cells. Taken together, these results indicate that circNFIB1 directly binds to miR-486-5p and acts as an miR-486-5p sponge in PDAC cells. Fig. 6CircNFIB1 antagonizes miR-486-5p-mediated repression of PIK3R1 expression. **a-d** Representative images and a histogram analysis of tube formation and Transwell assay by HLECs treated with conditioned medium from miR-486-5p-silenced (**a and b**), miR-486-5p overexpressing (**c and d**), and corresponding control PDAC cells. Scale bar: 100 μm. **e** Schematic illustration showed the alignment of miR-486-5p with PIK3R1 and the red portion indicated the mutagenesis nucleotides. **f** Dual luciferase reporter assays showed the luciferase activity of wild type or mutant PIK3R1 following co-transfection with miR-486-5p mimic or control mimic. Relative firefly luciferase expression was normalized to that of Renilla luciferase. **g and h** The effect of circNFIB1-silencing or circNFIB1 overexpression on PIK3R1 expression in PDAC cells was assessed by qRT-PCR. **i and j** qRT-PCR analyzed the effect of circNFIB1-silencing on miR-486-5p depletion-induced PIK3R1 expression in PDAC cells. **k and l** Western blot analysis of circNFIB1-silencing on miR-486-5p depletion-induced PIK3R1 expression in PDAC cells. Significance level was assessed using two-tailed Student *t*-tests and one-way ANOVA followed by Dunnett's tests for multiple comparisons. Figures with error bars showed the standard deviations of three independent experiments. \**p* \< 0.05 and \*\**p* \< 0.01

circNFIB1 antagonizes the miR-486-5p-mediated suppression of PIK3R1 expression {#Sec16}
------------------------------------------------------------------------------

To identify the downstream targets regulated by miR-486-5p, the potential target genes of miR-486-5p were predicted by the intersection of TargetScan \[[@CR20]\] and miRanda \[[@CR21]\] (Additional file [4](#MOESM4){ref-type="media"}: Fig. S1d). Subsequently, the 95 predicted genes were subjected to pathway analysis using the PANTHER database \[[@CR22]\] and 10 of the most enriched signaling pathways were recognized (Additional file [4](#MOESM4){ref-type="media"}: Fig. S1e). We further analyzed whether the predicted genes involved in these pathways were affected by miR-486-5p and found that PIK3R1 was negatively co-expressed with miR-486-5p in PDAC cells (Additional file [4](#MOESM4){ref-type="media"}: Fig. S1f-i). Moreover, miRNAs suppress target gene expression through binding to the 3'UTR of their mRNAs \[[@CR23]\]. We found that the 3'UTR of PIK3R1 harbored sequences complementary to miR-486-5p sequences (Fig. [6](#Fig6){ref-type="fig"}e). The luciferase assays demonstrated that miR-486-5p reduced the luciferase activity of the PIK3R1 3'UTR luciferase-construct rather than the 3'UTR luciferase-construct with mutant sequences in the miR-486-5p binding site, indicating that miR-486-5p degraded PIK3R1 by directly targeting the 3'UTR region of PIK3R1 (Fig. [6](#Fig6){ref-type="fig"}f).

Next, we investigated whether circNFIB1 could induce PIK3R1 expression as a sponge of miR-486-5p. We found that circNFIB1 silencing significantly decreased the level of PI3KR1 expression in PDAC (Fig. [6](#Fig6){ref-type="fig"}g), whereas circNFIB1 overexpression increased the level of PIK3R1 (Fig. [6](#Fig6){ref-type="fig"}h), supporting the regulatory role of circNFIB1 on PIK3R1 expression. Importantly, miR-486-5p silencing upregulated PIK3R1 in PDAC, and downregulating circNFIB1 dramatically reversed this effect (Fig. [6](#Fig6){ref-type="fig"}i-l). Collectively, these findings suggest that circNFIB1 antagonizes the inhibitory effect of miR-486-5p on PIK3R1 expression.

circNFIB1 inhibits LN metastasis via the miR-486-5p/PI3KR1/VEGF-C axis in PDAC {#Sec17}
------------------------------------------------------------------------------

PIK3R1 (also known as PI3K p85α), a regulatory subunit of PI3K, has been reported to play an inhibitory role in the activation of the PI3K/Akt signaling pathway and suppress tumor progression \[[@CR24], [@CR25]\]. Thus, we explored whether circNFIB1 extensively regulates the activation of the PI3K/Akt signaling pathway in PDAC. The overexpression of circNFIB1 inhibited the phosphorylation of Akt and increased the level of PIK3R1 and phosphorylated GSK3β (Fig. [7](#Fig7){ref-type="fig"}a, b). Conversely, the downregulation of circNFIB1 expression facilitated the phosphorylation of Akt and reduced the level of PIK3R1 and phosphorylated GSK3β, suggesting that circNFIB1 upregulated PIK3R1 and inhibited activation of the PI3K/Akt signaling pathway in PDAC cells (Fig. [7](#Fig7){ref-type="fig"}c, d). Fig. 7CircNFIB1 downregulates VEGF-C expression through inhibiting the PI3K/Akt signaling pathway. **a-d** Western blot analysis of PIK3R1, Akt, p-Akt, GSK3β, and p-GSK3β levels after the overexpression (**a and b**) or silencing (**c and d**) of circNFIB1 in PDAC cells. **e and f** The effect of circNFIB1-silencing (**e**) or circNFIB1-overexpression (**f**) on VEGF-C expression in PDAC was assessed by qRT-PCR. **g and h** ELISA analysis of VEGF-C secretion by PDAC after silencing (**g**) or overexpressing (**h**) circNFIB1. **i and j** The effect of LY294002 treatment on circNFIB1 depletion-induced VEGF-C expression in PDAC cells was assessed by qRT-PCR. **k and l** ELISA for LY294002 treatment on circNFIB1 depletion-induced VEGF-C secretion by PDAC cells. Significance level was assessed using two-tailed Student *t*-tests and one-way ANOVA followed by Dunnett's tests for multiple comparisons. Figures with error bars showed the standard deviations of three independent experiments. \**p* \< 0.05 and \*\**p* \< 0.01

Since the role of circNFIB1 on the activation of the PI3K/Akt signaling pathway was clarified, the downstream targets of the PI3K/Akt signaling pathway associated with lymphangiogenesis in PDAC should be further determined. VEGF-C is required for lymphangiogenesis and considered to be a downstream regulator of the PI3K/Akt signaling pathway \[[@CR26]\]. qRT-PCR analysis revealed that VEGF-C expression was increased by silencing circNFIB1 and decreased by ectopic circNFIB1 in PDAC cells (Fig. [7](#Fig7){ref-type="fig"}e, f). Consistently, Western blot and ELISA assay verified that the secretion of VEGF-C by PDAC cells was inhibited by circNFIB1 (Fig. [7](#Fig7){ref-type="fig"}g, h and Additional file [4](#MOESM4){ref-type="media"}: Fig. S1j-m). Moreover, we found that circNFIB1 depletion promoted VEGF-C expression and secretion; however, following treatment with LY294002, a PI3K/Akt signaling pathway inhibitor, the expression and secretion of VEGF-C were dramatically depleted (Fig. [7](#Fig7){ref-type="fig"}i-l), further confirming that circNFIB1 induced VEGF-C suppression via inactivation of the PI3K/Akt signaling pathway.

We next evaluated whether circNFIB1-mediated VEGF-C suppression contributed to the inhibition of lymphangiogenesis and LN metastasis in PDAC. Blocking VEGF-C with neutralizing antibody, pV1006R-r, dramatically reversed circNFIB1 depletion-induced HLEC tube formation and migration in PDAC (Fig. [8](#Fig8){ref-type="fig"}a-f). Consistently, in vivo assays showed that circNFIB1 knockdown increased tumor burden in the LNs and treatment with pV1006R-r inhibited circNFIB1-depletion-mediated LN metastasis (Fig. [8](#Fig8){ref-type="fig"}g). Moreover, administration of pV1006R-r decreased the LN metastatic rate of sh-circNFIB1\#1 tumor bearing mice, which significantly prolonged the survival times (Fig. [8](#Fig8){ref-type="fig"}h, i). Together, these results reveal that circNFIB1 suppresses the LN metastasis of PDAC via the miR-486-5p/PI3K/VEGF-C axis. Fig. 8CircNFIB1 inhibits lymphangiogenesis and LN metastasis of PDAC via VEGF-C suppression. **a-f** Representative images (**a and d**) and a histogram analysis of tube formation (**b and e**) and Transwell (**c and f**) assay by HLECs treated with conditioned medium from si-NC, si-circNFIB1, si-circNFIB1 + PBS, and si-circNFIB1 + αVEGF-C PDAC cells. Scale bar: 100 μm. **g** Histogram analysis of the LN volume in the indicated groups. **h** The ratio of popliteal LN metastasis was calculated for all groups (*n* = 12 per group). **i** Kaplan-Meier survival curves for indicated groups (*n* = 12 per group). Significance level was assessed using two-tailed Student *t*-tests and one-way ANOVA followed by Dunnett's tests for multiple comparisons. Figures with error bars showed the standard deviations of three independent experiments. \**p* \< 0.05 and \*\**p* \< 0.01

Clinical relevance of circNFIB1 as miR-486-5p sponge in PDAC patients {#Sec18}
---------------------------------------------------------------------

Given that the critical role of circNFIB1 in the inhibition of LN metastasis via sponging miR-486-5p was determined, we next assessed the clinical significance of circNFIB1 and miR-486-5p in a cohort of 160 PDAC patients. We found that miR-486-5p was overexpressed in PDAC tissues compared with NATs (Fig. [9](#Fig9){ref-type="fig"}a). Moreover, miR-486-5p expression in PDAC patients with LN metastasis was higher than those without LN metastasis (Fig. [9](#Fig9){ref-type="fig"}b). Importantly, Kaplan-Meier analysis revealed that high miR-486-5p expression or low circNFIB1 expression was associated with poor overall survival (OS) and disease-free survival (DFS) in 160 PDAC patients (Fig. [9](#Fig9){ref-type="fig"}c-f). Univariate and multivariate analyses demonstrated that circNFIB1 functioned as an independent factor for a good prognosis of PDAC patients (Additional file [5](#MOESM5){ref-type="media"}: Table S3 and Additional file [6](#MOESM6){ref-type="media"}: Table S4). Furthermore, correlation analysis demonstrated that VEGF-C levels were negatively correlated with circNFIB1 expression and positively associated with miR-486-5p expression in PDAC (Fig. [9](#Fig9){ref-type="fig"}g-h). In conclusion, our results indicate that circNFIB1 acts as a miR-486-5p sponge and mediates the inhibition of LN metastasis via VEGF-C suppression in PDAC patients. Fig. 9Clinical implication of circNFIB1 as miR-486-5p sponge in PDAC. **a** qRT-PCR analysis of miR-486-5p expression in PDAC tissues (*n* = 160) paired with NATs (*n* = 160). The nonparametric Mann-Whitney U test was used to compare different groups. **b** miR-486-5p expression in human PDAC tissues (*n* = 160) according to the LN status was assessed by qRT-PCR. The nonparametric Mann-Whitney U test was used to compare different groups. **c and d** Kaplan-Meier survival curves showed the OS (**c**) and DFS (**d**) of PDAC patients with low vs. high circNFIB1 expression. The cutoff value was the median expression of circNFIB1. **e and f** Kaplan-Meier survival curves showed the OS (**e**) and DFS (**f**) of PDAC patients with low vs. high miR-486-5p expression. The cutoff value was the median expression of miR-486-5p. **g** Correlation analysis of circNFIB1 and VEGF-C expression analyzed by qRT-PCR in PDAC tissues (*n* = 160). **h** Correlation analysis of miR-486-5p and VEGF-C expression analyzed by qRT-PCR in PDAC tissues (*n* = 160). **i** Proposed model for the role of circNFIB1 on promoting lymphangiogenesis and LN metastasis via the miR-486-5p/PIK3R1/VEGF-C axis in PDAC. \**p* \< 0.05 and \*\**p* \< 0.01

Discussion {#Sec19}
==========

CircRNAs represent a class of noncoding RNAs with a high degree of stability and participate in multiple biological processes and the regulation of gene expression in human cells \[[@CR27]\]. However, little is known about the role and underlying mechanisms of circRNAs in the LN metastasis of PDAC. Herein, circNFIB1 was identified to be downregulated in PDAC and negatively correlated with LN metastasis in PDAC. Functionally, circNFIB1 suppressed lymphangiogenesis and LN metastasis in PDAC. Mechanistically, circNFIB1 functioned as a ceRNA and modulated the miR-486-5p/PI3KR1/VEGF-C axis, which inhibited the lymphangiogenesis and LN metastasis of PDAC. To our knowledge, this is the first report to provide insight into the regulatory mechanism of circRNA-mediated LN metastasis inhibition of PDAC and highlight that circNFIB1 may serve as a potential therapeutic target for LN metastasis in PDAC."Lymphatic metastasis confers a poor prognosis for patients with cancer, including those with breast cancer and bladder cancer \[[@CR28], [@CR29]\]. Among the multiple factors associated with LN metastasis, lymphangiogenesis is considered to be essential for LN metastasis \[[@CR30]\]. Yang et al. found that soluble VEGFR3 inhibited lymphangiogenesis, leading to further inhibition of lymphatic metastasis of bladder cancer \[[@CR31]\]. Ji et al. showed that the TNFR1-mediated VEGF-C/VEGFR3 signaling pathway promoted lymphangiogenesis, resulting in LN metastasis \[[@CR32]\]. However, few studies have focused on the regulation of lymphangiogenesis in PDAC. In this study, we demonstrated that circNFIB1 overexpression was negatively correlated with the lymphatic vessel density in a 160-case cohort of PDAC patients. Furthermore, circNFIB1 inhibited lymphangiogenesis in PDAC through reducing the expression of VEGF-C and ultimately limited LN metastasis in PDAC. Thus, our findings clarified the molecular mechanism underlying circNFIB1 overexpression and the inhibition LN metastasis, which provides novel insight into the regulatory mechanism of LN metastasis in PDAC."VEGF-C is a VEGFR3 receptor ligand, which is expressed on lymphatic vascular endothelial cells and is critical for lymphangiogenesis \[[@CR11]\]. The disfunction of VEGF-C blocks the development of lymphatic vessels and inhibits lymphatic metastasis of cancer cells \[[@CR33]\]. Chen et al. found that LNMAT1 promoted the expression of CCL2 and recruited macrophages to increase VEGF-C and facilitate the lymphangiogenesis of bladder cancer \[[@CR34]\]. Similarly, Liu et al. demonstrated that TBL1XR1 bound to the VEGF-C promotor to induce VEGF-C expression and promoted lymphangiogenesis and LN metastasis in esophageal squamous cell carcinoma \[[@CR35]\]. Although the importance of VEGF-C in lymphangiogenesis and LN metastasis has been determined in multiple cancers, the mechanism underlying the regulation of VEGF-C in PDAC remains unclear. In the present study, we reported that circNFIB1 downregulated VEGF-C expression through directly sponging miR-486-5p and inactivating the PI3K/AKT signaling pathway, which further inhibited lymphangiogenesis and LN metastasis of PDAC. Therefore, our study revealed a molecular mechanism for circRNA-induced VEGF-C suppression and indicated that circNFIB1 may be a potential target by which to block VEGF-C-induced LN metastasis in PDAC patients.

The PI3K/Akt signaling pathway has been thoroughly demonstrated to be a key regulator in cancer progression. Overactivation of this pathway has been observed in a variety of cancers, including PDAC \[[@CR36]\]. Moreover, it has been reported that activation of the PI3K/Akt signaling pathway contributed to LN metastasis in several cancers. Yoo et al. revealed that Shh signaling promoted the lymphatic metastasis of gastric cancer through activation of the PI3K/Akt pathway \[[@CR37]\]. In addition, Saal et al. reported that a PIK3CA mutation induced the activation of the PI3K/Akt signaling pathway and facilitated LN metastasis in breast cancer \[[@CR38]\]. Nevertheless, little has been described about the PI3K/Akt pathway and LN metastasis of PDAC. In the present study, we found that circNFIB1 induced the upregulation of PIK3R1, and the regulatory subunit of PI3K could inhibit activation of the PI3K/Akt signaling pathway and reduce VEGFC expression, thereby limiting lymphangiogenesis and LN metastasis of PDAC. Moreover, blocking the PI3K/Akt signaling pathway with its inhibitor, LY294002, significantly decreased circNFIB1 depletion-induced VEGF-C, which serves as the key regulator for lymphangiogenesis. Thus, inhibition of PI3K/Akt signaling pathway may provide a novel intervention strategy for LN metastasis in PDAC.

Conclusion {#Sec20}
==========

In summary, we uncovered a novel mechanism by which circRNA-induced VEGF-C inhibition suppressed LN metastasis of PDAC. We clinically demonstrated that the downregulation of circNFIB1 is associated with the poor prognosis of PDAC patients. We further indicated that circNFIB1 overexpression could effectively inhibit LN metastasis via the miR-486-5p/PIK3R1/VEGF-C axis. Identification of circNFIB1, which inhibits LN metastasis, both expands our knowledge of LN metastasis regulation and develops a potential therapeutic target for LN metastasis in PDAC.
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